Creation and introduction of multiple functions in inorganic luminescent materials can open new possibilities for applications other than conventional lighting and display technologies. This article reviews recent developments in the synthesis of multifunctional luminescent materials through chemical processing of ceramics. Particular emphasis is put on the structural control of materials to generate some interesting optical and chemical properties. The procedures and results are described for luminescent pigments consisting of coreshell-structured particles, antireflective luminescent coatings based on a bi-layer structure or a pseudo moth-eye structure, and redox-sensitive smart phosphors in the form of nanopowders and thin films.
Introduction
Inorganic luminescent materials (also called phosphors) have been widely used in optical devices such as fluorescent lamps and displays. 1) A major focus has therefore been placed on developing phosphors that have superior luminescent properties such as excitation bands, emission colors, and quantum efficiencies. Recently, attempts have also been made to give additional optical functions to phosphors for exploring new application fields. They include luminescent pigments, 2) wavelength converters, 3) and chemical sensors. 4) Since the morphologies of conventional phosphors are not necessarily suitable for these new applications, the exploration of new functions and applications should be accompanied by the development of new synthetic methods. In this article, recent studies are reviewed that demonstrate the creation of multifunctional phosphors, such as luminescent pigments, antireflective luminescent coatings, and redox-sensitive smart phosphors, based on their structural control through liquid-phase processes.
Luminescent pigments
Phosphors are principally colorless so that emitted light may not be absorbed or disturbed by materials in themselves. Colored phosphors are yet recognized as luminescent pigments which can be applied as paints, plastics, inks, building materials, and ceramic glazes. 5) In conventional pigments, a certain wavelength of light is absorbed by materials and non-absorbed light gives colors visible to the naked eye. An attempt was then made to design and synthesize luminescent pigments in which luminescent colors due to emissions are almost the same as pigment colors due to absorption. Three kinds of luminescent pigments for red, green, and blue were developed in our study, namely, CeO 2 :Pr 4+ ,Eu 3+ (red), 6) Y 2 BaZnO 5 :Cu 2+ ,Tb 3+ (green), 7) and BaMgAl 10 O 17 :Co 2+ ,Eu 2+ (blue). 8) In these materials, Pr 4+ , Cu 2+ , and Co 2+ give pigment colors and Eu 3+ , Tb 3+ , and Eu 2+ give luminescent colors. When the materials were synthesized by a conventional solid-state reaction method, they could be colored well due to optical absorption by the coloring ions. However, luminescence due to electronic transitions of the activating rareearth ions was considerably quenched in the presence of the coloring ions as a result of energy transfer between the activating and the coloring ions. To overcome this problem, particles of luminescent pigments were designed based on the coreshell structure, as shown in Fig. 1 , with a luminescent core and a pigment shell and synthesized by a precipitation method. In this structure, there is no definite boundary between the core and the shell. The thickness of the shell corresponds to the surface region where the coloring ions are distributed after pertinent heat treatments. The actual size of the core particles was approximately 2¯m in all cases.
For example, green-luminescent (Y 0.98 Tb 0.02 ) 2 BaZnO 5 powders were first synthesized through the solid-state reaction method, starting from Y 2 O 3 , Tb 4 O 7 , BaCO 3 , and ZnO, by heating at 1100°C for 10 h in air. 7) The powders were subsequently pulverized using a planetary mill to be used as core particles approximately 2¯m in size. Aqueous solutions of Cu(CH 3 COO) 2 ·H 2 O (0.10.5 mM) and urea (0.1 M) were prepared and their pH was adjusted between 6.5 and 7.0 by adding ammonia water. The white (Y 0.98 Tb 0.02 ) 2 BaZnO 5 powders were then added to the solutions and kept at 80°C under stirring for 1 h. Figure 2 (a) compares diffuse reflectance spectra of the resultant powders treated with the different Cu 2+ concentration (0.1, 0.2, or 0.5 mM) of the solutions. The powders looked brownish as supported by a broad absorption in the spectra, depending on the Cu 2+ concentration. This coloring comes from the precipitation of Cu(OH) 2 and CuO on the surface of the (Y 0.98 Tb 0.02 ) 2 BaZnO 5 particles, following the thermohydrolysis of urea. 9) 
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The brownish (Y 0.98 Tb 0.02 ) 2 BaZnO 5 powders were subsequently heated at 1000°C for 10 min in air. As shown in Fig. 2(b) , diffuse reflectance spectra of the powders are changed by heating with characteristic absorption bands appearing in the blue and the red region. These bands are typical of the 3d3d absorption of Cu 2+ (3d 9 ) doped in Y 2 BaZnO 5 . Actually, green-colored Y 2 BaCuO 5 is well known as one of the family compounds in the YBaCuO system besides superconducting YBa 2 Cu 3 O 7 and YBa 2 Cu 4 O 8 . 10) It is seen from Fig. 2 (b) that the absorption is enhanced with increasing the Cu 2+ concentration in the solutions. Although the heating time was relatively short, it is apparently enough to promote the incorporation of the Cu 2+ ions in the (Y 0.98 Tb 0.02 ) 2 BaZnO 5 lattice at the particle surface, thereby giving the coreshell structure. Figure 3 compares photoluminescence (PL) excitation and emission spectra of (Y 0.80 Tb 0.20 ) 2 BaZn 0.90 Cu 0.10 O 5 powders (Sample A) synthesized by the solid-state reaction under an optimized condition and the Cu 2+ -incorporated (Y 0.98 Tb 0.02 ) 2 BaZnO 5 coreshell particles (Sample B) synthesized by the precipitation method with the Cu 2+ concentration of 0.5 mM. Two excitation bands appearing in the excitation spectra correspond to allowed 4f5d electronic transitions of the Tb 3+ ions. Several sharp peaks in the emission spectra are attributed to 4f4f electronic transitions ( 5 D 4 7 F J , where J represents the total angular momentum quantum number) of the Tb 3+ ions. It is clearly seen that the emissions from Sample B are much stronger than those from Sample A. This result indicates that the energy transfer from Tb 3+ to Cu 2+ can be the major reason for luminescence quenching in the sample synthesized by the solid-state reaction and it can be avoided by controlling the distribution of Tb 3+ and Cu 2+ in the particles.
A similar strategy has been employed for the synthesis of the CeO 2 :Pr 4+ ,Eu 3+ (red) and the BaMgAl 10 O 17 :Co 2+ ,Eu 2+ (blue) pigment. For CeO 2 :Pr 4+ ,Eu 3+ , powders of CeO 2 :Eu 3+ were first synthesized by the solid-state reaction method and subsequently treated with aqueous solutions of Pr(CH 3 COO) 3 ·2H 2 O (0.001 0.04 mM) and urea. 6) Praseodymium hydroxy carbonate compounds [possibly Pr 2 (CO 3 ) 2 (OH) 2 ·H 2 O] were then precipitated on the surface of the CeO 2 :Eu 3+ particles. By heating the resultant powders at 1500°C for 10 min in air, the precipitated Pr 2 (CO 3 ) 2 (OH) 2 ·H 2 O was decomposed and Pr 3+ was oxidized to Pr 4+ (4f 1 ) to be incorporated into the CeO 2 lattice at the surface of the particles, generating the red color in CeO 2 :Pr 4+ ,Eu 3+ . As to the PL property, several sharp peaks were observed due to 5 D 0 7 F J electronic transitions of the Eu 3+ ions in the orange-red region. The most intensive peak corresponded to the allowed magnetic-dipole 5 D 0 7 F 1 transition located at 591 nm. It should be noted that the cation site has high inversion symmetry in the fluorite-type CeO 2 structure and hence the electric-dipole 5 D 0 7 F 2 transition is basically forbidden. 11) The intensity of the 591-nm emission was dependent on the Pr 4+ content [more precisely, the Pr(CH 3 COO) 3 ·2H 2 O concentration of the solution]. That is, the emission was enhanced at the lower Pr 4+ contents, which was attributed to the suppression of the Ce 4+ /Ce 3+ reduction and the defect formation at the high heating temperature by doping the multivalent praseodymium ions. In contrast, the emission intensity was almost unchanged at the higher Pr 4+ contents. This implies that the influence of Pr 4+ is limited to the surface defects of the particles having the coreshell structure.
For BaMgAl 10 O 17 :Co 2+ ,Eu 2+ , powders of a Ba 0.9 Eu 0.1 -MgAl 10 O 17 composition were synthesized by the solid-state reaction method and then treated with aqueous solutions of Co(CH 3 COO) 2 ·4H 2 O (0.020.10 mM) and urea. 8) Compounds containing Co 2+ [possibly a crystalline phase having a structure similar to Co 0.49 Cu 0.51 (CO 3 ) 0.43 (OH) 1.14 ] were precipitated on the surface of the Ba 0.9 Eu 0.1 MgAl 10 O 17 particles, as judged by the change of their color. The resultant powders were heated at 1500°C for 10 min in air. The degree of blue coloring was controlled by the concentration of Co(CH 3 COO) 2 ·4H 2 O in the aqueous solutions. Triple absorption bands due to the spin-allowed 4 A 2 (F) 4 T 1 (P) electronic transition of Co 2+ (3d 7 ) were observed in diffuse reflectance spectra of the heated powders, indicating that the Co 2+ ions were incorporated into the tetrahedral site at the spinel block of BaMgAl 10 O 17 . 12) The BaMgAl 10 O 17 : Co 2+ ,Eu 2+ powders showed a broad-band emission corresponding to the allowed 5d4f electronic transition of Eu 2+ around 450 nm. The excitation for this emission was caused by an electronic transition between the ground state (4f 7 ) and the crystalfield split configuration (4f 6 5d 1 ) of Eu 2+ . The emission intensity of the powders could be maintained even at a high degree of blue coloring, which was beneficial to the blue luminescent pigment.
Antireflective luminescent coatings
The common morphology of phosphors is recognized as fine powders composed of micrometer-sized, well-developed particles synthesized by the solid-state reaction at high temperatures. Basically, phosphors are materials of large band-gaps and hence they do not absorb visible light. Phosphor powders then look white due to light scattering under natural or artificial light. In contrast, phosphors would be transparent without light scattering and this can be achieved in thin films. Actually, thin-film phosphors have received considerable attention these days for practical applications to active waveguides, flat panel displays, X-ray imaging devices, and solar cells. 13) 15) It should be noted here that thin-film phosphors are usually less bright than powders due to the occurrence of multiple internal reflections and light trapping. In addition, phosphor materials commonly have higher refractive indices which should cause surface Fresnel reflection of incident light. It remains a challenge to design, synthesize, and utilize transparent thin-film phosphors having improved or enhanced emission properties.
An attempt was made to suppress surface Fresnel reflection by designing multi-layered anti-reflective (AR) coatings including a Y 2 O 3 :Eu 3+ ,Bi 3+ phosphor layer. Transparent bi-layer coatings consisting of a Y 2 O 3 :Eu 3+ ,Bi 3+ layer (bottom) of high refractive index (1.90) and a porous SiO 2 layer (top) of low refractive index (around 1.30) were fabricated on quartz glass substrates by a solgel dip-coating method. 16) The thickness of the bottom and the top layer was preliminarily calculated to be 140 and 100 nm, respectively, for achieving an excellent AR property (see Fig. 4) .
A coating solution for the Y 2 O 3 :Eu 3+ ,Bi 3+ phosphor layer was prepared by dissolving Y(CH 3 COO) 3 ·4H 2 O, Eu(CH 3 COO) 3 · 3H 2 O, Bi(CH 3 COO) 3 , and polyethylene glycol in a mixed solvent with 2-methoxyethanol, 1-butanol, and nitric acid. The solution was dip-coated on the quartz glass substrate, dried at 90°C for 10 min, and then heated at 900°C for 15 min in air. Another coating solution for the porous SiO 2 layer was prepared by mixing tetraethylorthosilicate, an aqueous ammonia solution, and ethanol. The resultant solution was aged at 50°C for 72 h and then dip-coated on the Y 2 O 3 :Eu 3+ ,Bi 3+ -coated quartz glass substrate. The coated substrate was finally heated at 500°C for 10 min in air. The thickness of each layer was precisely controlled by adjusting the coating conditions. As expected, the bi-layer coatings showed an excellent AR effect with optical transmittance more than 99% in the visible region. Figure 5 (a) compares PL excitation and emission spectra of the bi-layer coating film and the single-layer Y 2 O 3 :Eu 3+ ,Bi 3+ coating film. Note that the thickness of the phosphor layer is the same in both the films. The PL emission spectra of both the films exhibit sharp peaks due to the 5 D 0 7 F J electronic transitions of the Eu 3+ ions. The hypersensitive forced electric-dipole 5 D 0 7 F 2 transition gives the strongest emission at 610 nm. The PL excitation spectra are composed of two broad excitation bands centered at 254 and 332 nm. The excitation band at 254 nm corresponds to the O 2 Eu 3+ charge transfer which is typical of Eu 3+ -activated metal oxide phosphors. 17) The band at 332 nm is attributed to the Bi 3+ Eu 3+ energy transfer. 18) It is also seen that the PL intensity is about two times higher in the bi-layer coating film. Thus the AR effect appears remarkably in the luminescence property of the bi-layer film, as also shown in Fig. 5(b) , which can be explained as follows. First, the absorption of excitation light is increased by decreasing the reflection at the surface of the phosphor layer. Second, total internal reflection of emission light is reduced by depositing the lower refractive index layer on the phosphor layer.
A problem arising from the bi-layer structure is the limitation of the film thickness. The AR condition does not allow us to change the thickness at will for increasing the PL intensity. Another approach was fabricating thin-film phosphors having the AR effect by introducing surface nanostructures like the moth-eye structure. Materials used were YVO 4 :Eu 3+ ,Bi 3+ as a red phosphor and Al 2 O 3 as a morphology modifier. 19) In a typical synthesis, a coating solution was prepared by dissolving Y(CH 3 COO) 3 · 4H 2 O, Eu(CH 3 COO) 3 ·3H 2 O, Bi(CH 3 COO) 3 , NH 4 VO 3 , Al 2 O-(CH 3 COO) 4 ·nH 2 O, and polyethylene glycol in a mixed solvent composed of isopropyl alcohol, acetylacetone, and nitric acid. The resultant solution was aged at 60°C for 3 h, and then a dark-greencolored transparent coating solution was obtained. The coating solution was dip-coated on the quartz glass substrate, dried at 90°C for 10 min, and then immediately annealed at 750°C for 15 min in air followed by quenching. The thickness of the films was controlled by repetitive coating, drying, and annealing. In a next step, a hot water treatment (HWT) was carried out for the heated films by immersing them in ion-exchanged water at 80°C for 30 min. The films were finally dried at room temperature.
The HWT process had been proven to generate a pseudo motheye structure in solgel-derived alumina (Al 2 O 3 ) films. 20) Actually, such films worked as AR coatings since the structure exhibited a density gradient from the surface to the substrate. In our study, the YVO 4 :Eu 3+ ,Bi 3+ phosphor films showed a considerable increase of transmittance and its smaller angular dependence, thus generating the AR effect similarly. As shown in Fig. 6 , the HWT process brought a remarkable change in the surface as well as the cross-section structure only when the aluminum source was added to the coating solution. The film density and hence the refractive index were gradually changed like a pseudo moth-eye structure, which led to the occurrence of the AR effect. The PL intensity of the YVO 4 :Eu 3+ ,Bi 3+ films could be increased by the AR effect due to the suppression of surface Fresnel reflection of incident light and total internal reflection of emitted light, as shown in Fig. 7 , similarly to the bi-layer films. When comparing the two structures, the moth-eye structure is superior to the bi-layer structure in terms of the absolute PL intensity.
Smart phosphors
Recently, a challenge has been made to create inorganic smart phosphors to visually monitor physical or chemical changes in the surrounding environment. 21) They are expected to be superior to the existing organic smart phosphors 22),23) in thermal, chemical, and mechanical stability. We focused first on CePO 4 :Tb 3+ as one of the well-known luminescent rare-earth phosphates. It was known to exhibit bright green emissions from Tb 3+ ions, which were considerably quenched following the Ce 3+ ¼ Ce 4+ oxidation of the CePO 4 host. 24) An attempt was then made to clarify the mechanism of such an on/off luminescence-switching behavior and subsequently establish a quantitative relationship between PL intensities and the degree of oxidation in CePO 4 :Tb 3+ . 25) The synthesis of CePO 4 :Tb 3+ powders was conducted through a co-precipitation method at room temperature. Ce(NO 3 ) 3 ·6H 2 O and TbCl 3 ·6H 2 O were dissolved in distilled water. Separately, NaH 2 PO 4 ·H 2 O was also dissolved in distilled water. White precipitates were formed just after mixing these solutions, which were aged under stirring for 3 h. The precipitates were collected by centrifugation, washed with distilled water and ethanol, dried at room temperature, and finally ground into fine powders. According to the X-ray diffraction (XRD) and transmission electron microscopy (TEM) analyses, the powders could be identified as a hexagonal CePO 4 rhabdophane phase and their morphology was observed to be primary nanorod particles (approximately 10 nm in diameter and 3050 nm in length) that aggregated to form secondary spherical particles. The BET specific surface area of the powders was measured to be 127.9 m 2 g ¹1 .
The CePO 4 :Tb 3+ powders were then treated with aqueous KMnO 4 solutions to examine their responsivity to an oxidizing environment. Figure 8 shows PL excitation and emission spectra of the powders treated with the KMnO 4 solution of the concentration between 0.04 and 0.16 mM at room temperature for 2 h. The excitation occurs through optical absorption of Ce 3+ with 2 F 5/2 (4f 1 ) 2 D (5d 1 ) transition and subsequent energy transfer to Tb 3+ . The excited 5d state is strongly split by the crystal field, resulting in the overlapping excitation bands. 26) After the oxidizing treatment, the PL intensity (both the excitation and the emission) decreases with increasing the KMnO 4 concentration. We evaluated the decrease in the PL intensity by integrating the Tb 3+ emission lines and plotting them against the KMnO 4 concentration in a semi-logarithmic manner. It was then revealed that the relationship between the PL intensity and the KMnO 4 concentration is highly quantitative with an excellent linearity. Once the CePO 4 :Tb 3+ powders were heavily oxidized and their luminescence was almost completely quenched, they could be easily recovered by treating with aqueous L(+)-ascorbic acid solutions. The linearity of the PL intensity against the L(+)ascorbic acid concentration was also found in the reduction. It has been demonstrated that the luminescence switching is quantitative, reversible, and repeatable, thereby indicative of the usefulness as the redox-sensing material.
The mechanism of the luminescence quenching of CePO 4 : Tb 3+ by the oxidation is discussed below. The amount of Ce 4+ formed by the oxidation is estimated to be as low as 5% of the total cerium ions in CePO 4 . 25) This implies that the decreasing number of the Ce 3+ ions, which are responsible for the excitation of Tb 3+ by the Ce 3+ ¼ Tb 3+ energy transfer, is not a major reason for the quenching. A more plausible mechanism can be considered based on the light absorption. Actually, the CePO 4 : Tb 3+ powders were tinged with yellow after the oxidation treatment. This coloring is supposed to be caused by the occurrence of the inter-valence charge transfer between Ce 3+ and Ce 4+ . 27) Thus the Ce 3+ ¼ Tb 3+ energy transfer is effectively cut off by the Ce 3+ ¼ Ce 4+ charge transfer, resulting in the luminescence quenching, even if the amount of the Ce 4+ ions is small.
The oxidation of CePO 4 :Tb 3+ may also change the valence of the terbium ions (Tb 3+ ¼ Tb 4+ ). To examine this possibility, we synthesized Tb 3+ -free CePO 4 powders which could exhibit a violet emission due to the allowed 5d4f transition of Ce 3+ . The CePO 4 powders were then treated with the aqueous KMnO 4 solutions. Figure 9(a) shows PL excitation and emission spectra of the CePO 4 powders treated with the KMnO 4 solutions (0.04 0.16 mM). It is clearly seen that the PL intensity decreases with increasing the KMnO 4 concentration. The PL intensity integrated between 350 and 500 nm is plotted against the KMnO 4 concentration in Fig. 9(b) . A linear relationship is found in the Tb 3+free CePO 4 powders, indicating that the Ce 3+ emission is also quantitatively quenched by the oxidation. Thus the responsivity to the oxidation in CePO 4 :Tb 3+ is predominantly brought by the CePO 4 host.
For practical applications of smart phosphors, thin films may be better for use than nanosized powders. Transparent CePO 4 : Tb 3+ thin films were then fabricated by the solgel method. 28 PO 4 , and polyethylene glycol were dissolved in 2-methoxyethanol, followed by the addition of nitric acid. The resultant solution was dip-coated on the silica glass substrate, dried immediately at 90°C for 10 min, and finally heated at 900°C for 20 min in air. According to the XRD analysis, the film (Film A) crystallized in a monoclinic CePO 4 monazite structure, which was different from the abovementioned nanorod powders with the hexagonal rhabdophane structure. For the oxidation, the film was immersed in the aqueous KMnO 4 solution (5 mM) at 80°C for 30 min, followed by washing with water and ethanol (Film O). Then Film O was immersed in the aqueous L(+)-ascorbic acid solution (0.5 mM) at 20°C for 30 min, followed by washing with water and ethanol (Film R). Figure 10 reveals that the Tb 3+ emissions are almost quenched in Film O. This is because the Ce 3+ ¼ Tb 3+ energy transfer is killed by the preferential Ce 3+ ¼ Ce 4+ inter-valence charge transfer. The reduction of Film O recovers the emissions, providing the on/off switching of luminescence in the transparent thin film prepared on the silica glass substrate.
As another kind of the redox-sensitive materials, orangeluminescent CeO 2 :Sm 3+ phosphor thin films were fabricated on the quartz glass substrate by the solgel method. 30) The film was first treated with the aqueous L(+)-ascorbic acid solution, aiming at the Ce 4+ ¼ Ce 3+ reduction. This caused a considerable decrease in the PL intensity of the Sm 3+ activator. The film with the quenched PL was then treated with an aqueous H 2 O 2 solution as an oxidant, which could recover PL to more than its initial intensity of the as-prepared film. A rapid response and a repetitive responsivity were also achieved with the CeO 2 :Sm 3+ thin films against the redox solutions, realizing a facile monitoring of redox states by the luminescence switching phenomenon.
Conclusions and future outlook
Our recent studies on the synthesis of structurally controlled luminescent materials have been reviewed. Additional optical or chemical functions were well organized into luminescent materials through the appropriate structural design and the development of synthetic techniques. Red, green, and blue luminescent pigments could be obtained by introducing the coreshell structure into the particles. Antireflective luminescent coatings were fabricated by the solgel method through the precise control over film structures as well as coating conditions. Redox-sensitive smart phosphors were produced as both nanopowders and thin films. It is expected that, upon conjugating with ceramic processing technology, luminescent materials would acquire new structures and functions that could further extend their application fields.
